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Edited by Christian GriesingerAbstract This study explores how the kinetics of a coupled
folding/binding reaction depend on the initial conformation of
the protein. Stopped-ﬂow spectroscopy is used to monitor the
reaction of apo-myoglobin (aMb) with hemin dicyanide at pH
7.2. Diﬀerent initial aMb conformations are tested. In the case
of acid-denatured aMb, the observed kinetics are consistent with
a ‘‘ﬂy-casting’’ scenario [Shoemaker et al., Proc. Natl. Acad.
Sci. USA 97 (2000) 8868–8873]. However, the formation of a
compact complex proceeds more rapidly in the case of prefolded
aMb. This ﬁnding is opposite to what would be expected based
on predictions of the ﬂy-casting model.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Protein folding inside living cells occurs in a crowded envi-
ronment. During the transition from a largely disordered
polypeptide chain to a highly ordered native structure, a pro-
tein can bind to numerous other molecular species. Some of
these interactions may be relatively short-lived, while others
will persist until the protein undergoes proteolytic degrada-
tion. Examples of possible binding partners include parts of
the ribosome, chaperones, and various cofactors [1]. The
highly intricate events taking place during folding in vivo rep-
resent a formidable experimental challenge. Most protein
folding studies, therefore, use a reductionist approach and fo-
cus on the behavior of isolated polypeptide chains in vitro,
thus eliminating all intermolecular events. In recent years,
this strategy has signiﬁcantly improved the general under-
standing of folding, especially for small, single-domain pro-
teins [2]. In an attempt to learn about the eﬀects of
intermolecular processes, more and more studies are now tar-
geting the role of cofactors and other ligands. It has become
clear that folding and binding are often closely intertwined
[3–6]. This is especially true for intrinsically disordered pro-
teins that remain largely unfolded as long as a suitable bind-
ing partner is not available [7]. Despite these advances,
however, many aspects of the interplay between folding and
binding remain poorly understood.*Corresponding author. Fax: +1 519 661 3022.
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doi:10.1016/j.febslet.2004.11.088Computer simulations suggest that coupled folding/binding
processes often follow a ‘‘ﬂy-casting’’ scenario [8]. In this
model, the unfolded protein engages its ligand at relatively
large distances. Subsequently, the binding partner is ‘‘reeled
in’’, as the complex adopts successively more compact struc-
tures. Based on the larger capture radius of an unstructured
polypeptide chain, the ﬂy-casting model predicts that the
formation of a compact ligand–protein complex will occur
more rapidly for polypeptide chains that are initially un-
folded [8–10]. In addition, the greater ﬂexibility of an ini-
tially unfolded protein might facilitate the conformational
sampling of the energy landscape en route toward the native
state of the complex [11].
Here, this prediction is tested by studying the reconstitution
of apo-myoglobin (aMb) with hemin dicyanide (H(CN)2).
Myoglobin is a well studied model system and the use of
H(CN)2 avoids potential complications related to heme aggre-
gation [12,13]. The heme group in native holo-myoglobin
(hMb) is seated in a hydrophobic pocket where it makes
numerous contacts with the polypeptide chain, including liga-
tion of the heme iron with the proximal His93 [14]. The distal
coordination site can be occupied by various species, such as
CN in the case of holo-myoglobin cyanide (hMbCN) [15].
aMb can adopt several distinct conformations, which allows
reconstitution studies to be carried out under diﬀerent initial
conditions. The folded state (‘‘F’’) of aMb is populated at
near-neutral pH. It closely resembles native hMb in tertiary
structure, except for some disorder in the heme-binding region.
Relative to native hMb, F has a radius of gyration (RGrel) of
1.05 [16]. At pH 4.0, aMb forms a molten globule intermediate
(‘‘I ’’, RGrel = 1.28) [16,17]. The acid-denatured state of aMb
(‘‘U’’, RGrel = 1.67) at pH 2.0 is largely unfolded, but it tran-
siently maintains a few native-like contacts [18].
The reconstitution experiments in this work show that the
interaction of initially unfolded aMb with H(CN)2 is consistent
with a ﬂy-casting scenario. However, the formation of a com-
pact ligand–protein complex under these conditions is slower
than for prefolded aMb. In other words, the myoglobin system
does not follow the kinetic trend predicted by the ﬂy-casting
model.2. Materials and methods
Horse skeletal muscle ferrimyoglobin and hemin chloride were ob-
tained from Sigma (St. Louis, MO). aMb was generated by the acid/
butanone method [19]. Protein purity and lack of degradation were
conﬁrmed by electrospray mass spectrometry. aMb concentrations
were determined spectrophotometrically by using e280 = 15.2 mM
1blished by Elsevier B.V. All rights reserved.
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Fig. 1. (A) Fluorescence emission spectra of aMb at pH 2.0, 4.0, and 7.2. Also shown are the spectra for reconstituted hMbCN and H(CN)2 at pH
7.2. (B) Soret absorption spectra of H(CN)2 and reconstituted hMbCN at pH 7.2.
272 M.O. Crespin et al. / FEBS Letters 579 (2005) 271–274cm1 [20]. H(CN)2 was prepared as described previously [21], except
that the concentrations of both phosphate buﬀer (Sigma) and KCN
(Caledon, Georgetown, ON) in the ﬁnal stock solution were 50 mM
(pH 7.2). Solutions of H(CN)2 were freshly prepared for each experi-
ment, concentrations were determined based on e422 = 85 mM
1
cm1 [21]. Stopped-ﬂow experiments were carried out on a BioLogic
SFM4 Q/S instrument (Claix, France), by mixing aMb (at pH 2.0,
4.0, or 7.2) and H(CN)2 in a 1:4 volume ratio. In each case, the solu-
tion after mixing had a pH of 7.2, and contained protein and H(CN)2
at 1 lM each, whereas both the phosphate buﬀer and the KCN con-
centrations were 40 mM. Fluorescence kinetics were recorded by mon-
itoring the integrated emission intensity for k > 320 nm (excitation
wavelength 280 nm).3. Results and discussion
3.1. Spectroscopic properties of myoglobin
Fluorescence emission spectra of the various myoglobin
forms are depicted in Fig. 1A. The three aMb states F, I,
and U show an intense tryptophan emission. Interestingly,
the ﬂuorescence intensity of the intermediate state I is higher
than that of both U and F. This observation is in agreement
with previous work [22]. In comparison to the three aMb
states, hMbCN shows a much lower ﬂuorescence intensity.
This eﬀect is due to the presence of the heme group, which
quenches both Trp7 and Trp14 by resonance energy transfer.
The two energy transfer rate constants (kET) depend critically
on the respective heme-tryptophan distance r (kET = C · r6,
where C depends on the relative orientation of the chromoph-
ores). Thus, for the kinetic measurements described below, the
ﬂuorescence intensity serves as a probe for the overall com-
pactness of the heme-protein complex [23].
Another important structural probe is the Soret region of
the heme absorption spectrum, which depends on the iron
coordination state and the hydrophobicity of the chromophore
environment. Fig. 1B shows Soret absorption spectra of equi-
molar hMbCN and H(CN)2 solutions. Compared to free
H(CN)2, the reconstituted protein shows an absorption in-
crease of about 30% at 422 nm [24,25].
3.2. Reconstitution kinetics
Fig. 2A–C shows Soret absorption changes observed after
mixing H(CN)2 with U, I, and F, respectively, in a 1:1 ratio
at a ﬁnal pH of 7.2. In all three cases, the kinetics show a burst
phase, reﬂecting the occurrence of a process that goes to com-
pletion within the dead time of the stopped-ﬂow experiment
(3 ms). This rapid signal change has previously been attrib-uted to the initial contact formation of H(CN)2 with hydro-
phobic regions on the protein [24]. The burst phase is
followed by a slower process, reﬂecting a further increase in
the hydrophobicity of the heme environment [25]. In all three
cases, this second phase is well described by single exponentials
with an apparent rate constant (kobs) on the order of 100 s
1
(Fig. 2A–C). The ﬁrst-order nature of this step indicates that
all bimolecular ligand binding events go to completion during
the burst phase.
In contrast to the absorption data of Fig. 2A–C, the ﬂuores-
cence kinetics depicted in Fig. 2D–F show pronounced diﬀer-
ences for the three initial aMb conformations. No burst
phase is observed in the ﬂuorescence proﬁle of U (Fig. 2D).
This shows that the nascent ligand–protein complex generated
under these conditions is expanded to such a degree that the
heme cannot provide a signiﬁcant degree of quenching. The
ﬂuorescence decay in Fig. 2D is well described by a single
exponential with kobs = 39 s
1. This kinetic behavior for U is
consistent with a ﬂy-casting scenario, where the rapid binding
of H(CN)2 results in an initially unfolded ligand–protein com-
plex, that subsequently undergoes contraction on a relatively
slow time scale. A totally diﬀerent behavior is seen for F, where
a major burst phase in the ﬂuorescence kinetics is consistent
with rapid insertion of H(CN)2 into a preformed binding re-
gion on a compact protein (Fig. 2F). The amplitude of the sub-
sequent ﬂuorescence decay (with kobs = 103 s
1) is much
smaller than for U, indicating that the structural changes fol-
lowing contact formation with H(CN)2 are relatively minor
in the case of F. It seems that ligand binding under these con-
ditions may be more appropriately described as induced ﬁt
than by ﬂy-casting [4]. Kinetics qualitatively similar to those
of F, but with a somewhat smaller burst phase amplitude,
are observed for I (Fig. 2E).
For comparing the ﬂuorescence kinetics, we can arbitrarily
choose an emission intensity of 3.0 (relative to hMbCN) as
benchmark for the compactness of the ligand–protein com-
plex. Based on the r6 dependence of the energy transfer rate
constants, this intensity corresponds to heme-Trp distances
that are 5% larger than in native hMbCN. The proﬁle for
U reaches this point after 45 ms. In contrast, it takes I about
20 ms and F only 4 ms to reach the same ﬂuorescence intensity.
This comparison demonstrates that the conversion of U into a
compact ligand–protein complex is not accelerated by ﬂy-cast-
ing. The ﬂuorescence kinetics for I represent a case in between
U and F, which is consistent with the fact that I exhibits a les-
ser degree of prefolding than F [16].
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Fig. 3. Kinetics of H(CN)2 binding to aMb monitored by absorption
spectroscopy at pH 7.2. The pH of the aMb solution prior to mixing
with H(CN)2 was 2.0. The kinetics measured for initial aMb pH values
of 4.0 and 7.2 are indistinguishable from those depicted here (data not
shown). Dashed and dotted lines indicate initial and ﬁnal values,
respectively. The solid line which is overlaid on the experimental data
(dots) is a single exponential ﬁt with kobs = 0.03 s
1.
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Fig. 2. Kinetics of H(CN)2 binding to aMb monitored by stopped-ﬂow spectroscopy at pH 7.2. The aMb pH prior to mixing with H(CN)2 was 2.0
for (A), (D); 4.0 for (B), (E); 7.2 for (C), (F). Dashed and dotted lines indicate initial and ﬁnal values, respectively. The intensity in (D)–(F) is scaled
for a ﬁnal value (hMbCN signal) of unity. Arrows indicate burst phase signal changes. Solid lines in (A)–(D) and (F) are single exponential ﬁts with
kobs = 69, 68, 97, 39, and 103 s
1, respectively. The ﬁt in (E) is a double exponential with kobs values of 140 and 24 s
1.
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plex occurs within the dead time of the experiments, the overall
similarity of the absorption proﬁles in Fig. 2A–C suggests that
the kinetics of this initial step are, in fact, not very diﬀerent for
the three initial aMb conformations. This assertion is in agree-
ment with earlier work that found the association rate constant
for heme binding to be largely independent of protein structure
[20]. It thus appears that the eﬀective capture radius of U is
comparable to that of I and F, implying that a larger degree
of unfolding does not necessarily facilitate the initial ligand
binding step.
The rapid spectral changes of Fig. 2 are followed by much
slower kinetics, as the proximal CN of the protein-bound
H(CN)2 is replaced with His93 to form hMbCN [26]. This pro-
cess causes an absorption increase at 422 nm [24,25]. The kinet-
ics of this step are indistinguishable for the three cases studied
here. As an example, data for U are depicted in Fig. 3. The ini-
tial kinetic advantage for F, therefore, does not result in a more
rapid formation of native hMbCN. This is consistent with the
data displayed in Fig. 2, which indicate that the structure of
the ligand–protein complex formed 150 ms after mixing is
very similar for the three initial aMb conformations.
One potential problem with the interpretation of kinetic data
is that of transient aggregation during folding. Earlier work
has provided evidence for an associative intermediate during
the refolding of hMb [27]. However, those experiments were
carried out at very high protein concentrations (around 500
lM). Other kinetic studies have found no evidence for myoglo-
bin aggregation in the concentration range below 20 lM
[24,25]. Because all the kinetic experiments in this work were
carried out at a protein concentration of 1 lM, aggregation
is unlikely to play a role.4. Conclusions
This study demonstrates that an initially unfolded protein
conformation does not necessarily accelerate molecular recog-
nition events. Whether or not a protein beneﬁts kinetically
from ﬂy-casting will depend on a number of factors, such as
the capability of the ligand to act as nucleation site for folding
[8,28]. In addition, the aﬃnity and binding speciﬁcity of the li-
gand to unstructured regions of the protein (i.e., the quality of
the ‘‘bait’’) will play a role. The actual capture radius of the
protein may not strongly correlate with its geometric radius.
It seems that an increased capture radius will be a signiﬁcant
advantage only if ligand binding is rate limiting, which is not
the case for the reconstitution processes studied here. Future
274 M.O. Crespin et al. / FEBS Letters 579 (2005) 271–274experiments on other proteins are required to determine if the
behavior observed for myoglobin represents the rule or the
exception.
Acknowledgments: We thank Douglas A. Simmons, Derek J. Wilson,
and the rest of the Konermann group for helpful discussions. Funding
was provided by the Natural Sciences and Engineering Research
Council of Canada (NSERC) and the Canada Research Chairs
Program.References
[1] Ferbitz, L., Maier, T., Patzelt, H., Bukau, B., Deuerling, E. and
Ban, N. (2004) Trigger factor in complex with the ribosome forms
a molecular cradle for nascent proteins. Nature 431, 590–596.
[2] Baker, D. (2000) A surprising simplicity to protein folding.
Nature 405, 39–42.
[3] Wittung-Stafshede, P. (2002) Role of Cofactors in Protein
Folding. Acc. Chem. Res. 35, 201–208.
[4] Shakhnovich, E.I. (1999) Folding by association. Nat. Struct.
Biol. 6, 99–102.
[5] Papoian, G.A. and Wolynes, P.G. (2003) The physics and
bioinformtics of binding and folding-an energy landscape per-
spective. Biopolymers 68, 333–349.
[6] Tsai, C.-J., Kumar, S., Ma, B. and Nussinov, R. (1999) Folding
funnels, binding funnels, and protein function. Protein Sci. 8,
1181–1190.
[7] Dyson, H.J. and Wright, P.E. (2002) Coupling of folding and
binding for unstructured proteins. Curr. Op. Struct. Biol. 12, 54–
60.
[8] Shoemaker, B.A., Portman, J.J. and Wolynes, P.G. (2000)
Speeding molecular recognition by using the folding funnel: The
ﬂy-casting mechanism. Proc. Natl. Acad. Sci. USA 97, 8868–8873.
[9] Verkhivker, G.M., Bouzida, D., Gehlhaar, D.K., Rejto, P.A.,
Freer, S.T. and Rose, P.W. (2003) Simulating disorder-order
transition in molecular recognition of unstructured proteins:
Where folding meets binding. Proc. Natl. Acad. Sci. USA 100,
5148–5153.
[10] Levy, Y., Wolynes, P.G. and Onuchic, J.N. (2004) Protein
topology determines binding mechanism. Proc. Natl. Acad. Sci.
USA 101, 511–516.
[11] Shtilerman, M., Lorimer, G.H. and Englander, S.W. (1999)
Chaperonin Function: Folding by Forced Unfolding. Science 284,
822–825.
[12] Adams, P.A. (1976) The kinetics and mechanism of the recom-
bination reaction between Apomyoglobin and Haemin. Biochem.
J. 159, 371–376.
[13] Lee, V.W.S., Chen, Y.-L. and Konermann, L. (1999) Reconsti-
tution of acid-denatured holo-myoglobin studied by time-resolvedelectrospray ionization mass spectrometry. Anal. Chem. 71, 4154–
4159.
[14] Evans, S.V. and Brayer, G.D. (1990) High-resolution study of the
three-dimensional structure of horse heart metmyoglobin. J. Mol.
Biol. 213, 885–897.
[15] Schweitzer-Stenner, R., Cupane, A., Leone, M., Lemke, C.,
Schott, J. and Dreybrodt, W. (2000) Anharmonic protein motions
and heme deformation in myoglobin cyanide probed by absorp-
tion and resonance raman spectroscopy. J. Phys. Chem. B 104,
4754–4764.
[16] Eliezer, D., Yao, J., Dyson, H.J. and Wright, P.E. (1998)
Structural and dynamic characterization of partially folded states
of apomyoglobin and implications for protein folding. Nat.
Struct. Biol. 5, 148–155.
[17] Hughson, F.M., Wright, P.E. and Baldwin, R.L. (1990) Structural
characterisation of a partly folded apomyoglobin intermediate.
Science 249, 1544–1548.
[18] Lietzow, M.A., Jamin, M., Dyson, H.J. and Wright, P.E. (2002)
Mapping long-range contacts in a highly unfolded protein. J.
Mol. Biol. 322, 655–662.
[19] Teale, F.W.J. (1959) Cleavage of the heme-protein link by acid
methylethylketone. Biochim. Biophys. Acta 35, 543.
[20] Hargrove, M.S., Barrick, D. and Olson, J.S. (1996) The associ-
ation rate constant for heme binding to globin is independent of
protein Structure. Biochemistry 35, 11293–11299.
[21] Leclerc, E., Leclerc, L., Poyart, C. and Marden, M.C. (1993)
Interaction of Heme with Amphiphilic Peptides: Use of Hemin-
CN to probe the interaction of calmodulin with its target peptides.
Arch. Biochem. Biophys. 306, 158–162.
[22] Kirby, E.P. and Steiner, R.F. (1970) The tryptophan microenvi-
ronment in apomyoglobin. J. Biol. Chem. 245, 6300–6306.
[23] dos Remedios, C.G. and Moens, P.D.J. (1995) Fluorescence
resonance energy transfer spectroscopy is a reliable ruler for
measuring 11 ins. J. Struct. Biol. 115, 175–185.
[24] Kawamura-Konishi, Y., Kihara, H. and Suzuki, H. (1988)
Reconstitution of myoglobin from apoprotein and heme, moni-
tored by stopped-ﬂow absorption, ﬂuorescence and circular
dichroism. Eur. J. Biochem. 170, 589–595.
[25] Chiba, K., Ikai, A., Kawamura-Konishi, Y. and Kihara, H.
(1994) Kinetic study on myoglobin refolding monitored by ﬁve
optical probe stopped-ﬂow methods. Proteins: Struct. Funct. Gen.
19, 110–119.
[26] Yee, S. and Peyton, D.H. (1991) Proton NMR investigation of the
reconstitution of equine myoglobin with hemin dicyanide. FEBS
Lett. 290, 119–122.
[27] Eliezer, D., Chiba, K., Tsuruta, H., Doniach, S., Hodgson,
K.O. and Kihara, H. (1993) Evidence of an associative
intermediate on the myoglobin refolding pathway. Biophys. J.
65, 912–917.
[28] Apiyo, D. and Wittung-Stafshede, P. (2002) Presence of the
cofactor speeds up folding of Desulfovibrio desulfuricans ﬂavo-
doxin. Protein Sci. 11, 1129–1135.
